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Introduction and summary 


Stark effect displacements of argon I levels belonging to the configurations 
3p°6s, 7s, 5p, 4d, 5d, 6d have been determined. The experimental arrange- 
ments allowed accurate shift determinations of lines for which no effect was 
found previously or for which previous investigations gave inaccurate or only 
qualitative results, e.g. 2 p—3 s4,5, 481, 481, 481°; 1s-3 pi,2...10 (PASCHEN’s nota- 
tion). For some levels all states’ predicted by theory were resolved (3 pp, 
4s}, 581). The Stark effect investigations by Rypr” and by Foster and Horron® 
include some of the levels now studied. As regards the magnitude of the dis- 
placements of these levels the agreement between the present results and those 
of Ryde is good, but not always so with those of Foster and Horton. For 
most levels the authors cited report a larger number of states than the pre- 
sent author. One reason for this is that many undisplaced components given 


1 The spectroscopic terminology in this paper is in accordance with E. U. Connon and 
G. H. Suortrtey, The Theory of Atomic Spectra, Cambridge 1935, in the following cited as 


TAS. 
2 N. Rype, Zur Kenntnis des Hinflusses elektrischer Felder auf die Lichtemission der Hdel- 


gasatomen. Thesis Lund 1934. (Containing further references.) 
3 J. S. Foster and C. A. Horron, Phil. Trans. Roy. Soc. A 236, 473, 1938. 
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by Foster and Horton are spurious. Another is Ryde’s acceptance of sub-levels 
deduced from observations on different lines with a given initial level without 
the splitting of any line being actually observed. The sub-levels given in the 
present paper, however, correspond to observed line splittings. 


The Stark displacements have also been studied theoretically. Explicit | 


expressions for the matrix components of the electric dipole moment, valid 
in all definite couplings, have been derived according to 7AS for systems con- 
sisting of one optical electron added to an ion. The directional factors are 


given numerically for ps—p p (p> s—p* p), pp—pd (p’p—p’ d), and pd—pf (p> d—p’ f) | 


in jl, 37 and LS coupling. The radial factors for argon have been computed 


from radial eigenfunctions obtained by numerical integration of the Schrodinger | 


equation for the optical electron moving in the field of the core. The »ex- 
perimental eigenvalues» have been discussed when the parent ion does not 
contain only closed shells. It appears that the Stark shifts calculated for weak 


fields assuming unperturbed j/ coupling (pair-coupling) are with few exceptions — 


in good agreement with those observed. 

For certain levels the discrepancies between calculated and observed displace- 
ments are very large, e.g. 383, 39, 4s; and 5s{, which could be explained 
by the presence of electrostatic configuration interaction. In these cases the 
eigenfunction of a level can be treated as a linear combination of eigenfunc- 
tions, each associated with a definite configuration. As a consequence, the 
matrix components of the electric dipole moment connecting levels based on 
different parent levels may not vanish and strong Stark effect interactions 
may occur between such levels, which would not interact in unperturbed 7] 
(or 37) coupling. The coefficients in the linear combinations of eigenfunctions 


have been computed by the perturbation theory using the perturbation para-_ 


meters deduced by Epiin from the observed series perturbations in argon. 
All shifts observed may be explained as electric dipole perturbations, and 
no exceptions have been found from the parity selection rule. 


The spectrum of argon I 


The spectrum of argon I is well known.”)? Part of the energy level scheme 
is given in Figure 1. The ground state is 3573 p°1S, and all other known 


levels arise from 35873 p?(?P32,1)nl (l=s, p, d, etc.). The coupling ap- | 


proaches j/ coupling (pair-coupling)?}***, which means that the electrostatic 


interaction between the external electron and the 3° core is weak compared to | 


the spin-orbit interaction of the core but strong compared to the spin coupling 
of the external electron. The orbital moment of the latter electron, I, is 


coupled with the total angular moment of the core, Jr, and their quantized re- | 


sultant is K. K and the spin, s, of the external electron are coupled together, 


* N. Rypz, Kungl. Fysiogr. Sallsk. Handl. N. F. d1, Nr. 8, 15, 1940. 
in press. (Containing further references). 
. Epién, unpublished material. 


B 
G. H. SHortiny and B. Friep, Phys. Rev. 54, 749, 1938. 
G. Racau, Phys. Rev. 61, 537, 1942. 

G. H. SHorrimy, as quoted by C. BE. Moors.” 
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the resultant being J, the total angular momentum of the atom. The two | 
orientations of the spin correspond to a pair of levels with common K, but _ 
with J values differing by unity. I 
The 3p 2Ps5 and "Py levels of the core form the two limits of the argon 1 | 
series, 2Py2 being 1431.4 cm? above ?P32. Adding an s electron to BS parent | 
level *Pyj2 gives the pair K = 1/2, J =1, 0, adding it to 2P30 gives K = 3/2, | 
J —=2,1. A p electron added to ?Pij2 gives two pairs, oz. K=1/2, J/=1,0 | 
and n= = 3/2, J = 2, 1, and adding it to *P3,2 three pairs, viz. K = 1/2, J=I1 GC} 
ETP ar fi I and K = = 5/2, J =3,2. An electron with | 2 2 gives rise to | 
12 levels aerereed in 6 pairs according to the following general scheme: | 


Jt = 3/2 K =1 + 3/2 Fie Ol 


1412 i 
ie lal soul 
(oe anes) 
Jr=V2 K=l4+12 J=l41,1 
Le (ald, 


On account of the departure from LS coupling only a few groups of the 
argon I levels can be assigned LS notations.1 The ZS designations assigned 
to deep s, p and d levels by SHorriey’ are introduced in Tables 3-5. Ra- 
tional j1 designations suggested by Epiin? and Racan® have been adopted in 
Atomic Energy Levels* using the symbols nI[K], for levels based on the ?P3/2 
parent level and nl’[K],; for levels based on ?Pij2. The co-ordination of pair- | 
coupling symbols with Paschen symbols appears from Tables 3, 4 and 5. | 

The series perturbations, occurring frequently in the argon spectrum, were | 
studied empirically by RasMUSSEN? and a qualitative explanation was given | 
by SHENSTONE and Russexi®, who expressed the opinion that the perturbations | 
might occur between levels with the same parity and equal J’s, but based on | 
different parent levels, also that they might obey the modified Lancer’ for- | 
mula. According to Epifin®, who treated the perturbations quantitatively, they 
occur between whole series of levels and appear to be largest when the / va- 
lues of interacting series are equal. 


Experimental arrangements and observations 


The arrangements — especially the light-source and the spectrograph — have 
been described previously*, as well as the procedure for determining line 


1 G. H. Suorrtey, loc. cit. 
* B. Epitn, unpublished material. 
° G. Racau, Phys. Rev. 61, 537, 1942. 
4 C. E. Moors, loc. cit. 
< Hae ae Serier 1 de Adle Luftarters Spektre, Thesis Copenhagen 1932. ZS. f. Phys. 
oP 
° A. G. SHENSTONE and H. N. Russetz, Phys. Rev. 39, 432, 1932. 
7 R. M. Lanaer, Phys. Rev. 35, 649, 1930. 
8 L. Minnuyacen, Ark. Mat. Astr. Bys. 35 A, Nr 16, 1948 (Containing further references). 
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Table 1 


Stark effect displacements (em?) of argon I lines. 


£ 2 Pio—4 ds | 2 pyo—4.dg | 2 pg—4. 8°)’ 2 pyo—3 85 | 2 p93 84 | 2p——5ds | 2pg—5ds 
kV/em 6871.290 | 6752.831 6538.115 | 6416.311 | 6384.719 | 6369.577 | 6307.662 
60 0 0.47 0.63 0.64 0.69 1.23 
79 (0) (0.3) 0.51 1.09 1.05 0.96 2.03 
89.5 0.4 0.3 0.79 1.23 1.34 1.17 2.53 
106 0.3 1.23 1.73 (1.61) 3.80 


SS SE TS 


Hf 2 pe—5 8 2 pe—5 d; | 2 p7—5dy | 2 pe—4.sq |2 ps—5 87” |2 pa—5 8)" 2 y—4. 5 
kV/cm 6296.876 | 6212.507 | 6173.106 | 6155.23 6145.45 | 6105.645 | 6098.807 
60 —0.68 —1.92 —5.30) Syl 2.60 2.61 1.48 1.10 2.61 

79 SUS ea ! 5.75 4.54 PAB 1.88 

Sih |= la a iyelss 6.95 4 5.54 2.94 2.41 5.64 
106 ake AC 

i 2 pyo—481 | 2 Py9—-4.81"| 2pg—5 dy | 2po—Sdy | 2pg—4sq | 2py—451 | 2p9—-485 
kV/em 6059.373 6052.721 6043.230 | 6032.126 5928.805 5912.084 | 5888.592 

60 (0.27) 1.94 26 PAG? 0.86 1.74 | 2.56 

79 0.52 0.63 3.20 2.06 4,29 2.97 

89.5 0.62 0.29 3.93 2.49 5.60 49) 3.71 6.14 

106 0.80 0.61 5.45 3.64 


(a ER SE SS SC ES SS 
| 


F 20-383 | 2Pw—3s2 | 2p7—-581” | 2py—5de | 2pi—5ds | 2pi0—5 dz 
kV/cm 5 882.625 5860.312 5739.523 5650.708 5606.738 | 5558.709 
60 —0.61 | 
75 —0.90 0.96 1.67 0.56 0.80 | 1.91 
87.5 leg 1.08 2.18 0.75 1,18 2.36 
F 2 po—6 di, 2 pio —4 85, 2 pyo—4 Sq 2 p95 84, 2 pro—6 ds |2 Pio —6 de 
kV/em | 5495.872 5451.650 5439.97 5187.746 5162.285 | 5151.395 
: : 

37 12, 0.90 0.88 —0.53 = BIS | =O7 | O26 
78 6.21 3.53 4.77 4.26 —0.88 —2.80 — 8.62 | —2.87 | —-0.87 
112 13.46 6.32 (9.37)* = 1.66 —5:19' 15.27 | —=5.08|\(—1.60)** 

125 16.44 —1.92 —6.30 —5.90 


* masked by A II A 5454.31. 


kK » 


» 


an iron line. 


429 


L. MINNHAGEN, The Stark effect in argon I 


(Table 1, cont.) 
ee ee 


in 1 sy—3 Pro how S2—3 ps 1 sy—3 py 1 s3--3 Pro 1 52-3 ps 
kV/cm 4702.316 4628.441 4596.097 4522.324 4510.733 
| 
88.5 0.34 | 0.40 0.40 0.32 0.49 
104.5 0.37 | 0.43 (0.39)* 0.40 0.66 
125 0.52 0.66 0.64 0.51 0.96 ig 
fF 1s—3 p4 1 sg—3 po 1 sg—3 3 1 s,—3 ps 1 34-3 p7 1 s4—38 pe 
kV/em 4345.167 4335.337 4333.560 4300.100 4272.168 4266.286 
| | 
| 
59.5 0.21 0.25 0.61 0.19 0.18 0.15 0.22 
79.5 0.33 0.41 1.10 0.39 0.29 0.25 0.30 
92 0.36 0.52 0.48 0.39 0.37 0.45 
will 0.63 0.81 0.72 0.57 0.60 0.65 
132 0.78 0.86 0.87 0.66 0.73 0.87 
138 0.88 ela; 3.01 | 0.96 0.83 0.87 1.05 
152 1.06 1.35 3.59 Me ke 0.96 0.98 he 
= _ 159 1.12 | 1.54 3.74 | 1.35 1.09 evel we 
ie 1 sy—3 py 1s5—3 pio 1s5—3 po 1 s4—3 ps5 1s3—3 D4 1s5—3 pg 
kV/cm 4259.361 4251.185 4200.675 4198.317 4191.028 4190.712 
| 
59.5 | 0.12 0.10 0.15 0.23 0.09 0.13 
79.5 0.24 0.20 0.18 0.30 0.11 0.09 
92 0.36 0.30 0.36 0.52 0.40 0.23 
11 0.63 | 0.60 0.81 
132 0.67 | 0.72 
138 0.84 0.77 0.89 1.23 0.90 0.83 
152 0.94 0.97 1.29 
159 | TOs 1.12 1.49 1.13 1.09 
* masked by an iron line. 
ig » » ATI A 4266.527. 
Table 2 


Level displacements (cm) at 100 kV/cm. 


I | | 
Level | Ay || Level| Av || Level | Ay || Level| Av || Level| Av Level | Av 
| : {| | 
| 
3 89 1.50| 3 py 0.41|| 3p 0.42 || 4d5 (0.3)|| 5dj 8.90|| 6ds |—4.30 
383 | 1.55) { 0.59|| 3p9 0.43 || 4d; (0.3)|| 54% 7.05|| 6d,  |—1.40 
ex 1.52|| 3p10 | 0.85 | 5ds 3.25 
38, | 1.65|| 3p 0.51 | — 1.40| 5d, 4.90 
385 | 1.58]) 3p, 0.46/| 4. { 1.92|| 5sy |\— 4.30) 5d) 3.25 
| He at 4.65) -12.9 | 5ds 1.55 
484 7.00, 3p5 0.60), 4sf Osi ae” 3.65), 5dg 0.98 | 
Pas { 5.85 3 pg 0.52|| 487’ | 0.97]| 58/”” 3.00. | 
2 7.60 || 3p, 0.43 || 487” | (0.55) || 6d, 10.5 || 
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Fig. 2. Stark effect displacements of argon I lines. 


displacements accurately by means of undisplaced argon II lines, emitted from 
the light-source together with the argon I lines. The line displacements 
measured are given in Table 1. Table 2 gives the displacements at 100 kV/cm 
of the initial levels, which have been derived directly from the line shifts, as 
the final levels of the lines, 3 ?4s and 3°49, should be negligibly influenced. 
The levels investigated generally show quadratic effects in the observed range 
of field strengths. All displacements are given in cm, line shifts towards the 
red and level shifts towards the ground state being designated as positive. 
Italics indicate resolved states corresponding to resolved line components. The 
accuracy of the displacements is less for longer wave-lengths than for shorter 
ones owing to the smaller dispersion and the fact that the number of un- 
affected standard lines is much smaller in the range of longest wave-lengths. The 
agreement between shifts measured for lines having the same initial level and 
equal J values of the final levels, is illustrated in Figure 2. The lines com- 
pared are measured on different spectrograms obtained with different settings 
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of the spectrograph. In the case of unresolved line components, shifts of centres 
of gravity of intensity are compared, which is legitimate, since the relative inten- 
sities of the components depend only on the J’s and M’s of the initial and 
final states. The accuracy of the level displacements at F = 100 kV/cm (Tab. 2), 
derived from a great number of spectrograms in the short wave-length range, 1s 
estimated to be a few hundredths of a em’. For determinations based on 
spectrograms in the long wave-length range the errors might be in the first 
decimal place. Hence, the accuracy should be appreciably better than in pre- 
vious measurements. 


The main interest was directed to the Stark effect on fairly deep levels. | 


No shifts were reported previously on 354, 385, 481, 481, 481, 4d3 and 4d,. 
The observations made in 1918 on the 3 levels' may be considered only 
qualitative, since, inter alia, the dispersion was small in relation to the small 
displacements. In the present investigation the shifts of all 3 levels (3p? 5p) 
have been measured on 1s—3 transitions (rational designation: 4s—5p) at 


several field strengths between 0 and 160 kV/cm and with a dispersion between | 


1 and 1.5 A/mm. 

As already mentioned extensive Stark effect measurements have been per- 
formed in the argon spectrum by Rypr? and by Foster and Horron.? The 
light-source used by Ryde was excellent and so were his spectrograms, but as 
his spectrographs had comparatively small dispersion they were not suited for 
the examination of very small displacements. The dispersion of the spectro- 
graph used by Foster and Horton was larger — not so large, however, as in 
the present investigation — whereas their discharge tube does not seem to 
have worked stably. Many zero components accepted by them certainly originate 
in break-downs of the field and consequently are spurious and may in some 
cases have masked real components with small shifts. As a result, Foster and 
Horton failed to observe the shifts of 3s), 383, 5d;, and 5dg, first reported 
by Ryde. The undisplaced states of 454, 485, 5d1, 5d, 5d,, 6d4 and 6d; re- 
ported by Foster and Horton could be confirmed neither by Ryde nor by the 
present author and they are certainly not real. 

All displaced states of 4s; and 5s; — two and three respectively — have 
now been observed. Foster and Horton report one undisplaced state for each 
of them and in addition one displaced state of 4s; and two of 5s{. Ryde 
gives no undisplaced states but the same number of displaced states as Foster 
and Horton. For several levels, Ryde reports two (in one case three) sub- 
levels with separations which seem to be of the same order of magnitude as 
the errors of observation. These sub-levels do not correspond to observations 
on resolved line components but on centres of gravity of the unresolved z- 
and o-components respectively, either of one line, or of several lines having 
the same initial level. 

It may be worth noticing that single components can be isolated under cer- 
tain circumstances, irrespective of the magnitude of the shifts of the remaining 
components, by means of a polarisation prism. In fact, if J = 1 for the initial 
level, and J=0 for the final level, the z and o patterns consist each of a 
single component corresponding to the M=0 and |M|=1 states of the initial 


* T. Takamine and N. Koxvusu, Proc. Math. Phys. Soc. Tokyo 9, 405, 1918. 
2 N. Rypz, Thesis Lund 1934 Pp.) 63: 
3 J. S. Fosrer and C. A. Horton, Phil. Trans. Roy. Soc. A 236, 473, 1938. 
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level respectively. The same is the case for J = 3/2 > J = 1/2 transitions. 
For J:1-— 1, there is one single component in the a pattern, viz. |M|:1+1 
(whereas M:0-—0 is forbidden), which means that the |M|—=1 state of the 
initial level can be isolated, but the M =O state cannot, as there are two 
components in the o pattern, viz. |M|:1+0 and 0+1. It appears that the 
sub-levels with small separations given by Ryde do not correspond to the 
first case, whereas a few pairs may correspond to the last. One of the figures 
given for 3s, for example, may in principle correspond to an isolated state. 

As regards magnitude, the shifts now observed generally agree within a few 
tenths of a cm* with those given by Ryde. In some cases the agreement 
with those given by Foster and Horton is as good, but often the discrepancies 
are much larger as appears from a comparison of the results on 355, OSs, Se 
ree Sa S104 oe OO, 001, Dds, D0,, Dda,.Ddo. 00e,.551, 581, DSi, 6da, 
6d; and 6dg. 


. 


The theory of weak field Stark effect for non-hydrogenic atoms 


The influence of electric fields on atoms may be treated by the perturba- 
tion theory (TAS 3"). If H is the Hamiltonian of the atom in the field, Hy 
the Hamiltonian in zero-field, P, the z-component of the electric dipole mo- 
ment and F the field-strength in the negative z direction, then H = H, + FP. 
The energy changes of the states are thus determined by the matrix components 


of the z-component of the electric moment, wiz. (a|P.| a’) = { yaPzyue dt, the 


i -sign including summation over the spin variables. a and a’ represent the 
sets of quantum numbers — including the spins — corresponding to the zero- 
field eigenfunctions y. and yu. So long as the configuration interactions are 
neglected y. and yy are associated with definite configurations, differing, 
approximately, in the quantum states of but one of the electrons. y may be 


: : : 1 
expressed, approximately, as a product of the radial eigenfunction p(n l) of 


the optical electron, assumed to move in the net central field of the nucleus 
and the remaining electrons, and of a directional factor determined by all 
electrons outside closed shells. In the approximation considered here there is 
only one R(nl) corresponding to each configuration n/, the variation with 
coupling being ignored. 

As P,=—ercos@ (e: electronic charge, 7, 9 (and @: spherical polar co- 
ordinates) (a|Pz|a’) consists of two factors, viz. the directional factor expressing 
the dependence on the orbital and spin quantum numbers and the radial integral 


— ef rR(nl)R(w' l')dr, which is determined only by the xl’s of the states 


queen The matrix components can be calculated directly from the one- 
electron eigenfunctions. The directional factors can also be worked out from 
the commutation properties of the vector P with respect to the angular mo- 
mentum vectors of the atom in the manner given below following Conpon and 


SHortLEY.! 


1 BR. U. Conpon and G. H. Suortiey, The Theory of Atomic Spectra (TAS), 1935. 
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The directional factors of the matrix components 


Since the vector P satisfies the commutation rule [J, P]=[P, JJI=—1h PX | 
(TAS 8?1) with respect to J, the total angular moment of the atom, the | 


matrix components of P must vanish unless Jy;—J.=0, + 1 (TAS 836). 


P. commutes with the z-component of J, characterized by the magnetic | 
quantum number M, hence non-vanishing matrix components are obtained only | 


when M,,=M, (TAS 971). The subscript on M may therefore be omitted. 


The matrix components of P, and Py are not involved in the theory of Stark — 


displacements. The strengths of the o components, however, are determined by 


them just as the strengths of the z components are determined by (a|Pz\|a’).¥ 


The matrix components of P, and Py, must vanish unless My = M, + 1. 
The dependence on M of all non-vanishing matrix components of P; is expressed 
in the following formulae (ZAS 9711), wiz. 


(BIM|P.|p'J +1M)= (BJ Pip'J +1) VI +1P— 
(BJ M|P2|p' JM) = (BJ iP BJ) M 
(6J M|P.|p’ J —1M) = (87; Pp’ J —1) VP? — M?, 


where f represents the quantum numbers except J and M. Similar expressions 
are valid for the matrix components of P; and P,. The formulae are valid 
in any coupling scheme, that is, they are independent of the nature of the 
quantum numbers symbolized by f and p’. 


The factors (J: Pf’ J’), however, are different in different coupling schemes. | 
General expressions of their dependence on the angular momentum quantum 


numbers of an atom, 4, J2, 33, J4, and J, are obtained as follows: 


If J=j, + je and jg =jz + j, and if P commutes with j, and jz, then the 


only non-vanishing matrix components of P are those for which 7; — j, =0 
and 73—j3;=0. P satisfies the commutation rule 7'AS 8?1 with respect to J, 
hence also with respect to j. and jy, and hence the only non-vanishing com- 
ponents of P are those for which j2— 7, =0, +1 and 74—j,=0, +1. The 


dependence on J follows from the complete table of formulae given in TAS | 


11°8, the first formula of which is given below as an example: 
(yi1deF Py jy), ee ae LN (y i192: Pi’ d1 4: aol 
VI iy + hg +2) (Fh, + hg+3) Ih +92 FV) I hy ie £2) 
V4 (J +1)? (24 +1) QJ +3) 


The factors (yj, j, P+ yj, 32) will be independent of j, (ZAS p. 70) but de- | 
pendent on jg (jg =jg + jy). Since P satisfies TAS 8°1 with respect to ja and | 


commutes with j; the formulae 7AS 11°8 are again applicable. The first has 
the following form: 


(yIstaJo:P iy igigtl1i.+1) = (visiaiPiy' jsigt1). 


V (jg—J3 +9442) (Jo +I3 +44 +3) (s—9a 7 Ja lis + 43 94-2) 
V4 (jg + 1)? (292 +1) (252 +3) 
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Since (y J3 j4 Py’ ji) is independent of 45, jg may be omitted from the 
notation which becomes (yj, P +’ 4). 

Tig ic the orbital angular momentum of the optical electron, the last factor 
becomes (nl: Pin) which is zero unless I’ —J]= + 1, (TAS p. 132). It may 
be expressed in terms of the radial integral: 


Ge Py ta ty aS | rR (nl) R(n’'l—1)dr (TAS 693). 
g 


Hence, in the case considered, the complete matrix components of P, have 
the following form: 


(nl j39oI1JF M|Pz|n'l + 1j592 +19,7 + 1M) = 


=V(J+12—_ VI iy + in + 2) (F+hy tip $3) TA Fin +) Th Fie +2) 
V4 (J +1)? (2 +1) (27 +3) 


Vata + U+2) (jn +93 F143) (Jo Ig +041) (in Fig +1 +2) 
V4 (jg +1)? (2 45 +1) (245 +3) 


V4(+1P—1 [rR eny Rw’ Aya, 


0 


=e 


and, to summarize, the only non-vanishing components of P, are those for 
which M’— M=0; J’—J=0, + 1; 11-9, =0; 22-3, =0, + 1; 73 —j3 =0 
mod ¢ — T= + 1. 

From the general expressions those corresponding to definite types of coupling 
are obtained by the following identifications, where Ly; and J; refer to the 
core, s, J and 7 to the optical electron, L, S and J to the whole atom: 


Type of é , é : Selection rules for non-vanishing | 
| coupling 1 Ve i: ioe coz ee uOe components of P* | 
(es | 
ql s TK J; |J=s+K; K=J,+1| K'—K=0 or +1; J;—Jz=0 
44 Jy 7 8 J=J, +h; f=stl |j/—j=0 or +1; J7—J,;=0 
LS S L Ly |\J=S+L; L-L7- S’—S=0; L’-L=0 or +1; L;—-L,;=0 


* In addition to M’ —-M=0; J’—J=0, +1 which are independent of coupling. 


Application to pl(p?l) configurations. The matrix components of P are given 
explicitly in terms of (nl Pin'l’) in Tables 3, 4 and 5 for pl—pl' (p?l—p°l/) 
in jl, jj and LS coupling. The dependence on M is shown separately in 
Table 6. The mutual agreement is tested by the J-grouwp sum rule’, implying 
that the sum of the squared matrix components of P connecting all levels 


1G. R. Harrison and M. H. Jounson Jr, Phys. Rev. 38, 757, 1931. 
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Table 3 


Matrix components of P in ps—pp in terms of (ns: Pin'p) = 
gene 


matial rR(ns)R(n'p)dr. The dependence of (BJ M|P.|p’ J’ M) on M 
3 J 0 


is given separately in Table 6, which is valid for all couplings. 


| 
| 
| 
| 
| 


a. jl coupling. 


p [1/2}ol p’ [1/2] p’ 13/2h| p’[3/21| p 1/20 |p O/2h |» (3/2h | p (3/22 p (5/212 | pL5/215| | 
Pi P2 Pa Ps P5 (Ory |) 122 Po Ps Po 
= : : 
Ts lose eg eae ae | 
Ae Vests el a cea E 
Me heh) ac) VE-V Se al eee) oo 
Sipe | 
Ae | | VEVEVE ! “ : V i 
b. ij coupling. 

(1/2, | pal, | plz, | pale |» (3/2, | » (3/2, | (3/2, | p(3/2, | (3/2, | p(3/2, 
aes V3 +V? : ; ; 
PASAT I 
3 Vii i Ve VinVe 
“a, Vera Vigo ers ce 

c. LS coupling. 
| p48) | p°P, | p'P: | p*Ps | p*P, | p's, | p*D, | p'D, | p*Ds | p*Ds 

Pi |P2(Pi0)| Pa | Ps(Pe)| Ps |Pi0(P2)| Pr | Pe(ps)| Ps Ps 
oa: Ae | | a) sod 
i vi 
S| Sava av 
tt [Va V3) LVEEVS) VV 
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Table 4 
Matrix components of P in pp—pd in terms of (np Punk 
= — Va i rR (np) R(n'd)dr. The dependence of (| P.|) on M is given separately 
in Table 6, which is valid for all couplings. 


a. 71 cowpling. 


p [1/2 ]o | p (1/2): |p’ [8/2], | o’[3/2]2 | [1/20 | pU1/2,| p[3/2h, | p[3/2}e | p[5/2]e | p[5/2]s 
Pr Pe Pa D3 | 9% P10 Pr Pe Ps Po 


i’ [3/2], ee +//5 te ae . i 
84 om ars ay V 12 60. 
d’ (3/2, eV V2 /e 
a = aap 60 20 

! 


d [5/2 ]o ae ey ee 
a ; 10 10 || 
d’ [5/2)3 4.1/2 || | | 
tit 1 
sy 5 


a — els 
oe | V3 EV; Vs “Vs . 
is | ee -Vz ae i ata a PS 
oe | +V sala iV _ ae 


‘iL 


Tea ae hi} alfa 

15/7 1s al seine! ec aa 
1 

| hyn 

d[7/2}s +V 2 A 
dy 

aoa 

d(7/2] i +Ve 
dy 
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b. 97 coupling. 


(Table 4, cont.) 
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ec. LS coupling. 
(Table 4, cont.) 


PSO Pr PoP PP, |p Po | pS; p*D, p'D, | p*Ds p*Ds 
P1 Pe Pa ky | 5 Pio P72 Pe Ps Po 


3 | | F a A) ea Soe | oe 
Bees Vay Va Ve 


3 a z | — ——— 8 j= 
oD: |= +V2 -Vz +25) -V/2 
8} 16 16 | 80 144 90 


8 OE ne i es 


3 | Pre | a 
ow | 4+V3 | “Ve 45 


BP > OTs | 2 - ie 
de 6 | 9 18 


cf +V5) |-VEI-VEIVEI-VS -Vs 


Q 
ee 
Jon 
oa 
5|e 
+ 
colo] 
2 
D>) 
SS 
(=) 

| 
ol" | 


. “Vata 


a | 21 Gide We 
a | +] 25 TY a5 ) 1575 
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| | 
= | | 
| 
1 We) WA 
7° +//= | 
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a 16 ee 
+/2 iTV is | 
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le 
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di 
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& SP 8? 6GS6 eg “F8L ip 
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86 86 tF eZ0TL gh 1P 
a/l+ “</A+ 821 SSI A- an/ ae &z/¢] p 
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c i Se =. lee 7. i s86 GT§ Tg 
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G GT§ cP 
: i: ve@/A+ aA a es: 
GT Og Ts 
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Dependence of (8JM|P.|6’J’M) on M for all couplings. 


bo 


Vi6 
V21 
V24 
V25 


Lable 7 


Approximate values of ee rR (nl) R(n'l) dr for argon I configurations in terms 
of the radius of the first Bohr orbit. 


5p 
| Sp 
7p 


8p 


Or 
H 


SWAY) 


10.7 
=H09 


3d 


4d 5d 
15.3 
== OW 26.5 
— 16.4 


6d 


| 


4d al 6d 
| 
4f |—16.3 6.0 | 
5 f = 30,00 (hz) | 
6 f 6.3 (—46) 
(6) 
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with a given J in one configuration with all levels of a given J ‘in another 
configuration is independent of coupling. The parent levels are 2Pi and *P32 
in jl as well as in j7 coupling and there are no non-vanishing components of 
P connecting levels based on different parent levels. The components based 
on *Py2 are the same in jJ as in 97 coupling (cf. the upper left parts of 
Tables 3-5 a and b), and the parts of the matrices related to the parent level 
?Ps9 resemble each other. The matrix in LS coupling is quite different, with 
no splitting according to different parent J values, but rather according to 
different total spins. 


The radial factors 


Treating the net electric field of the nucleus and the core electrons as 
spherically symmetric, the radial eigenfunction R(n/) of an external electron 
(in our case the optical electron) is a solution of the Schrédinger equation: 


vk. \2n _ 1+ IY p_ 
Ge == ie = U (r)] re) (aes 


U(r) being the potential and W the kinetic energy of the external electron 
and mw its mass. Provided that the potential function U(r) is not influenced 
by the coupling between the angular momenta, then there is, for a given 
configuration »/, but one solution R(nl) which vanishes at the origin and 
remains finite at infinity, the corresponding eigenvalue being W (nl). The 
splitting of a configuration into different energy levels is caused by spin-orbit 
interactions of the electrons outside closed shells and by residual electrostatic 
interactions between the electrons not covered by the assumption that the field 
of the core is central. The perturbation theory gives additional direct and 
exchange energy integrals of electrostatic interaction together with spin-orbit 
energies (7’AS Chap. VI et seg.). Since there are exchange integrals common 
to all levels of a configuration, the observed energy of the configuration will 
not agree exactly with the eigenvalue W (nl) of the Schrodinger equation given 
above. This should be noticed when calculating R(nl) by numerical integra- 
tion employing »experimental eigenvalues». 

For numerical integration of the Schrodinger equation for the Zi and Na 
configurations — one electron outside the closed shells — Trumpy! used a Cou- 
lomb—Hartree field. Instead of using the eigenvalue corresponding to a 
potential function known only approximately, he employed the term value as 
an eigenvalue and modified the Hartree field in order to fulfil the conditions 
at the origin of the solution, the reason being that the line intensities cal- 
culated from the R(nl)’s obtained by the latter procedure were in much better 
agreement with those observed. 

The procedure might be practicable also for systems with more than one 
electron outside the closed shells and approximate solutions might be obtain- 
able in certain cases even if the potential function is not accurately known 
for small r values. This then raises the question of how the »experimental 


1B. Trumpy, ZS. f. Phys. 57, 787, 1929. (For further references see B. Trumpy, Kos- 
mos 9, 179, 1931). 
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eigenvalue» shall be chosen. A reasonable choice would be the energy differ- 
ence between the centre of gravity of the configuration considered, which may 
be calculated from its energy levels, and the centre of gravity of the parent 
configuration, which may be calculated from the corresponding series limits. 
This can be done since this energy difference does not contain, in our approxi- 
mation, either those electrostatic perturbation energies, which are not common 
to all levels of the configuration, or the spin-orbit interaction energies. If 
configuration interactions occur the corrected level values should be used rather 
than those directly observed. The radial eigenfunction thus obtained is common 
to all levels of the configuration. 

Stark effect interactions which are of any importance, mainly occur between 
not too deep levels with not too different energies. Hence, in many cases, the 
radial factor of the matrix component of P will be determined essentially by 
the shape of the radial eigenfunctions in that range of r, in which the field 
may be treated as a Coulomb field. Hence, if U(r) and therefore the shape 
of (nl) near the origin are not accurately known, this will effect merely the 
normalisation of AK(nl) and this only slightly in many cases. The error in- 
troduced will be transferred to the radial factor of the matrix component, 
which should not otherwise be influenced. It should often be sufficient, there- 


; F . B é 
fore, to perform the numerical integration in the range where U (r) ee and 


merely estimate the shape of R(n/) near the origin. Much higher accuracy of 
R(nl) near the origin is required for the calculation of matrix components 
connecting levels one of which at least is rather deep, e.g. when computing 
strengths of lines with deep final levels. 


Application to argon I. Starting from the asymptotic solution for large r 
values the Schrédinger equation was integrated numerically by means of the 
2 


: e ; ; 
Runge-Kutta method? in the range where U (r) ~ re The »experimental eigen- 


value» employed was the difference between the center of gravity of all levels 
belonging to a given configuration and the center of gravity of the limits 
2Pi and *P3 of argon II. R(nl) was normalized graphically by means of a 
planimeter, which was also used for the integration of the radial factor of 


the matrix component, viz. ihe rR(nl)R(n'U)dr. 
Some R(nl)’s were interpolated from previous calculations.** The radial 
factors are given in Table 7. 


1 Trumpy’s procedure was applied to 2p*(*S) nl configurations of oxygen I by SVENSSON 
(B. Svensson, Thesis Lund 1940. See also E. Srarransson, Thesis Lund 1943) employing 
the Coulomb —Hartree field of the OII ion. wo radial eigenfunctions are given for each 
configuration corresponding to two different »experimental eigenvalues‘, viz. the energies of 
the triplet and quintet term respectively. No comments are given, but the procedure assumes, 
implicitly, that the triplet-quintet splitting is entirely caused by different central fields of 
the core, even if the potential function is not modified explicitly. This splitting is, how- 
ever, essentially — in Stater’s theory wholly — an exchange effect (TAS 5’ p. 199. T. 
Yamanoucui, Proc. Phys.-Math. Soc. Jap. 18, 32, 1936; 21, 49, 1939). 

2M. Linpow, Numerische Infinitesimalrechnung, Berlin und Bonn 1928 p. 135. 

3 B. Svensson, Thesis Lund 1940. 

4 &. Srarransson, Thesis Lund 1943. 
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Theoretical Stark displacements of argon I levels assuming unperturbed 
pair-coupling 


The calculation of the Stark displacements is made assuming that pair- 
coupling is present with no configuration interaction and that the Stark inter- 
actions are small compared to the spin coupling and therefore also to the 
electrostatic interaction, and smaller still, compared to the initial separation 
of the interacting levels. Consequently, the shifts can be calculated from the 


Paar ee ; 

simple expression Av, =e? F? Dy te am vy? and the v’s being observed 
Br Vigne oe 

energy values at zero field. The calculated displacements are given in cm’! 

for a field strength of 100 kV/cm. Each contributing column in Tables 8-13 

represents the summing up of a scheme from which the individual Stark inter- 


actions were calculated. The latter schemes were of course built up on the 


matrix component tables given in the preceding section. Tables 8-13 also show | 


which configurations have the dominating Stark interactions with a given level. 


Comparison with observed shifts. Table 15 contains observed shifts and cal- 
culated shifts collected from Tables 8-13, the mean value being given for 
states with small separation. The agreement appears to be satisfactory for 
most levels, in fact, for many of them it is within the limits of error of ob- 
servation. However, in some cases there are large discrepancies. 

The observed displacements and those calculated for 3s,, 3s, and 3s; agree 
within 0.1 em™* but for 383 the calculated shift is + 1.49 cm? whereas the 
observed is —1.55 cm‘. For most 3 levels the agreement is also very good, 
except for 3. and 353, the calculated shifts in the former case being + 0.40 
and + 0.42 cm+ whereas those observed are + 0.59 and + 1.52 cmt. Very 
large discrepancies also appear for 4s; and 5s1. 

These discrepancies must be caused by deviations from the pair-coupling. 
In fact, non-vanishing matrix components will appear connecting states based 
on different parent levels, if the electrostatic interaction is not weak compared 
to the spin-orbit interaction of the core, 7. e., if the levels to some extent have 
LS character. If the electrostatic interactions between different configurations 
are negligible, a measure of the ZS share could be obtained by calculating 
the Stark displacements also in ZS coupling and combining linearly the dis- 
placements calculated in j/ and ZS coupling, so as to get the best agreement 
with the observed shifts. The displacements of 353, (3s9,) and 3p. might be 
explained in that way, especially if the ZS designations are altered as in- 
dicated within parentheses in Table 3 c. 

The displacements of 4s; and 5s, however, cannot be explained in that 
way, even if extreme LS coupling is assumed for the levels involved, which 
indicates that the electrostatic interaction between different configurations must 
be introduced in the calculations. 

In the following sections the. electrostatic interactions between states be- 
longing to different configurations as well as those between states belonging 
to different parent levels of the same configuration are treated as perturbations. 
In the last section the Stark displacements are calculated from the intermingled 
jl eigenfunctions obtained. 
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Table 8 Table 9 
Calculated shifts (em™) for 3s (i.e. Calculated shifts for 4s (i.e. 3p° 7s) 
3p” 6s) levels. F=100 kV/cm. levels. F = 100 kV/cm. 
Contribution to Contribution to 
| Av from the Result- Ay from the Result- 
| | M | configuration ing | | M | configuration ing 
. ahem Ay | |- = Ay 
| 3p°5 p* 6p | 3p°6p 7p 
ng: “es (eros kak ah | 
3 83 0 — 0:26 1.75 1.49 | | 483 0 Noga 7.90 6.19 | 
meoss ft = 0:26 1.82 1.56 4 So 1 SBT ail 6.19 
0 Se Osea V4 i 47 0) == 1/62 7.59 5.77 
3 84 1 — 0.26 eS omer 4 sy 1 i 8.11 6.39 | 
0) Ose 1.74 1.47 0 == Ife) Wet 5.86 | 
3 S5 2 SOB ise 1.44 4s, 2 — 1.80 7.64 5.84 
1 —0.25 1.79 1.54 1 —1.70 7.96 6.26 
| 0 — 0.25 1.82 it 1.57 ak0 = Veh 8.06 6.39 


* Each contribution column represents the summing up of a scheme according to which 
the contributions of the particular levels of the configuration are calculated. 


Table 10 
Calculated shifts for 3 (¢.e. 3p? 5p) levels. F=100 kV/cm. 


Contribution to Av from Result 
| M| the configuration ing 
3p 5s 6s 3d 4d a 
3 P41 0 —0.07 0.10 = 0:03: 0.44 0.44 
3 Pe 1 — 0.08 0.09 — 0.03 0.42 0.40 
0 —0.08 0.09 — 0.03 0.44 0.42 
3 P4 1 — 0.04 0.04 = O08) 0.40 0.37 
0 = (LUG 0.17 — 0.03 O47 | 0.45 
3 ps 2 0 0 —0.02 0.38 | 0.36 
1 =O.U2 0.13 — 0.03 0.44 0.42 
0 SI 0.17 — 0.03 0.46 0.43 
3 Ds 0 —0.07 0.11 — 0.02 0.64 0.66 
3 Pio 1 == O08) 0.08 — 0.02 0.43 0.40 
0 O02 0.08 — 0.02 0.47 0.44 
3 p7 1 — 0.12 0.12 — 0.03 0.42 0.39 
0 — 0.02 0.02 — 0.02 0.42 | 0.40 
3 D6 2 —0.14 0.17 — 0.03 OLD 2a eae Oo 
1 — 0.05 0.06 — 0.03 0.43 0.41 
0 — 0.02 0.02 — 0.03 0.40 0.37 
3 Ps 2 — 0.02 0.02 — 0.02 0:38 | 0.36 
1 —0:12 0.12 a O03. 0.44 0.41 
0 —0.16 0.15 =(OK083 0.46 0.42 
3 D9 3 0 0 — 0.02 0.37 0.35 
2 — 0.08 0.08 — 0.02 0.44 0.42 
1 — Ons 0.14 — 0.03 0.48 0.46 
0 —0.15 0.15 — 0.03 0.49 | 0.46 
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Table 11 
Calculated shifts for 3p°4d levels. F = 100 kV/cm. 


Contribution to Av from 
| the configuration Resulting 
Av 
3p° 5p 6p 4f 
48) 1 —0.14 0.10 1.35 Heil 
0 — (0.45 O23 1.80 1.58 
46 2 =0308 0.04 0.73 0.69 
1} — 0.36 0.16 1.01 0.81 
0 — 0.45 0.20 1.10 0.85 
4 si” 2 —0.05 0.02 0.72 0.69 
1 —(VESis 0.17 1.04 0.85 
0 — 0.46 0.22 1.5 0.91 
4 si’ 3 0 0 ONT 0.77 
| 2 — 0.25 0.13 1.07 0.95 
| tl — 0.40 0.20 1.26 1.06 
| 0) — (0:45 O28: 1.32 eo) 
| we ie 

4d, 0 —0733 0.09 0.17 — 0.07 
4d; 1 —0.31 0.10 0.63 0.42 
0 (0) 551! 0.09 0.63 0.21 
4 dy 1 | —0.20 0.18 2.61 2.59 
—0.24 0.15 patsy: 2.45 
4d; 2 — (oo. 0.10 0.74 Oro 
1 —(.28 0.11 0.73 0.56 
0 — 0.26 0.11 0.73 0.58 

4d, 2 —0.17 0.10 il ail TOL 
1 —0.28 0.15 1.40 Ieee 
0) — 0.32 0.17 1.47 32 
4 dj 3 —0.14 0.10 1.28 1.24 
2 —0.23 0.14 ia 133 
| es — 0.29 0.17 1.50 1.38 

0 (8). 851 0.18 1.53 1.40 | 
4d, 3 — 0.03 0.01 0.71 0.69 
Pe — 0.26 0.12 0.97 0.83 
1 —0.39 0.19 PZ 0.92 
0) — 0.44 0.21 (let il 0.94 
4d, 4 0) 0 0.58 0.58 
| 3 Ono 0.08 0.75 0.62 
2 —0.35 0.14 0.88 0.67 
1 — 0.44 0.18 0.96 0.70 
0 — 0.47 0.19 0.98 0.70 
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Table 12 


Calculated shifts for 3p°5d levels. F = 100 kV/cm. 
pie ee 2 en en 


Contribution to Mv from 
| the configuration Result- 
| M | = An ee a = s ing 
| 3p°6p = Tp 4f 5f 6f AN) 
A 1 —0.92 0.51 — 0.06 9.17 0.08 8.78 
=262 © 1.19 —0,07 > -12.23 0.10 10.63 
58 2 —0.69 0.15 — 0.06 3.43 0.05 2.88 
1 —2.99 0.69 — 0,08 4,72 0.07 2.41 
0 SiG 10.87 — 0.09 5.15 0.08 2.25 
isk Seas] 0:90 Me O10) 20.05 4.01 0.06 3.74 
1 2.67 0.80 —0.08 5.80 0.08 3.93 
0 8 4s 103s —0.09 6.39 0.09 3.99 
5 if” 3 0 0 — 0.05 4.05 0.05 4.05 | 
2 =185) 0159 —0.07 5.67 0.07 4.41 
1 —2.96 0.95 —0.08 6.64 0.09 4.64 
0 = 35655 > 1.07 —0.08 6.97 0.09 479 
5 dg oO 1,=—249 . 047 — 0.08 3.68 0.06 1.64 
i saet SIEM S07 %0.52 1.0 20.088 lass. 90.07 2.79 
Of ERP 23:50 P2Al0:46 —0.08 TET = Et ily| 1.30 
5 ds 1 —1.32 L384) —0.06, 17.53.) 0:09 17.62 
0 Soe GOT Sas 00m ee 102 nOL02 16.24 
5 dg 2 =9,08, | 0156 = 007 5.35 0.07 3.83 
i C050 007 5.30 0.07 4.07 
0 ATS 5 0.01 —- 0.07 5.29 0.07 4.47 
5 dy 2 1.13 0.49 — 0.06 6.97 0.07 6.34 
| 1 21,89) 1. 0.77 = 0:07 7.86 0.08 6.75 
0 94 0.87 =0.07 8.15 0.08 6.89 
8 d, 3 —0.94 0.48 —0.05 7.67 0.07 7,23 
| 2 Nye Kiyrh —0.06 8.49 0.08 7.65 
1 =1.94) 0.86 —0.07 8.99 0.08 7.92 
0 —2.07 0.90 —0.07 9.15 0.09 8.00 
5 dy 3 20,18 Be 0.0% —0.05 4.51 0.06 4.41 
2 Gre Oe a0 07 6.10 0.08 4.97 
1 9:70" 10,98 —0.08 7.05 0.09 5.31 
0 =53.02- 9 44.06 —0.08 7.84 0.09 5.89 
| 5d, 4 0 0 — 0.05 3:51 0.05 3.51 
| 3 —147 042  —0.06 4.59 0,06 3.54 
2 —2,52 . 0.72 -~0.08 537 . 008 3.57 
1 --3.15 0.90  —0.08 5.83 0.08 3.58 
| 0 —3.36 0.96 — 0,09 5.99 0.08 3.58 
| 
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Table 13 
Calculated shifts for 3° 6d levels. # = 100 kV/cm. 


= ; | 
| | Contribution to 4y from Bent | 
| the configuration esult- 
| | ed ia ee ing 
| Av 
3p° 7p 8p om 6 f 
Giga 0 12.5 2.2 =O 14.4 
6 d: 1 == 1485 21 = 13.4 0.3 
oy) 0 = 435 1.9 = 0.7 i338 —29.0 
Gas unidentified 
6 ds 2 = YS Rl = (04) 36.1 31.5 
1 = OE 3.4 —0.5 So 34.5 
| 0 | — 6.4 3.5 —0.5 38.9 35.5 
| 6¢7 2 = 48 2.4 a4 30.7 27.9 
1 — 7.9 Bir —0.5 34.5 29.8 
0 |p 29:0 4.2 —0.5 35.8 30.5 
nie a, 3 = “il 2.2 —0.4 SON 30.4 
o> Tle ers 3.3 655 34.9 30.9 
1 eae 8S 4.0 —0.5 36.3 BLS 
0 — 9.0 4.2 —0.5 36.7 31.4 
6 dy 3 | — 0.8 0.3 —0.4 20.6 19.7 
2 a? By il —0.5 27.9 DBS 
1 = iiNi,il 4.7 (0.8 32.3 25.3 
0 —12.4 5.3 =e 33.8 26.1 
| 
6d, 4 | 0 0 =O! 13.8 13.4 
3 = Gx 1.9 Ono 18.0 1207 
| 2 =F 3138 —0.6 21.0 12.2 
| 1 | Sail 4.1 ONT Das 11.8 
| 0 533 4.4 —0.7 23.4 11.8 


Configuration interaction 


The electrostatic and spin-orbit interactions between different configurations ; 
may be treated according to the perturbation theory on the basis of the 
central-field approximation (74S Chap. XV). It appears that the modified | 
eigenfunctions will be linear combinations of the unperturbed eigenfunctions, 
associated with definite configurations, of the interacting levels. 

Let yi and yz be the eigenfunctions of two levels, if their interaction is | 
neglected, and the corresponding energy values y? and 7%. By interaction, the 
eigenfunctions will become y= aj y? + a, ye and yp= ai wi + OE Ve. 

The corresponding energies are determined by 


ai (vy — 9) — % Viz =0) 
a (v— YE) — 0% Vag = 0,J , 
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where Vi,= | yi (e*/ry2) pedt in the case of electrostatic interaction. wy; and 
yr represent antisymmetric eigenfunctions formed from products of the single- 
electron eigenfunctions involved. V;; can be non-vanishing if it connects levels 


with the same parity and the same J values. The secular equation can be 
written: 


Ay = (v;— vf) = — (v% — rt) = Viz|(vi — vg) = — VitiGu 0) eee aa) 


; 
which becomes Av = Viz/(vi — vg) for | Av] < |v} — 2%]. From the normalisa- 
tion condition J lvil dt=1 it follows that aj+aj=—1 or, if many w%’s are 


intermingled in a resulting y, a+ > i= 


i 

If the eigenfunction of a level can be expressed as a linear combination of 
one-configuration eigenfunctions, then the level is usually assigned to that 
configuration which enters with the largest coefficient aj(7AS 4°). As a con- 
sequence, the presence of foreign configurations in a level might bring about 
apparent breakdowns of the angular momentum selection rules which are valid 
when the level is assigned definitely to one configuration. Hf y} and y= 
= ai yi + apye+--- have opposite parities and if the predominating configura- 
tion yj in yi 1s not based on the same parent level as yw; then, of course, 

yi Pyjdt vanishes but [ yiP yi dr need not since | yi P pide need not 
vanish if wz and yj; are based on the same parent level. Hence the matrix 
component might be non-vanishing even if it connects levels, which are as- 
signed to different parent levels. Now, if yj=a;yj + ary? +---, where y is 
based on the same parent level as yj, then additional non-vanishing terms will 
enter the expression of the matrix component, which will become larger or 
smaller than in the previous case, depending on the relative signs of the coef- 
ficients. Hence, it might occur that a matrix component will be rather small 
even if the |a,|’s and the |q|’s are rather large. 

There are also apparent breakdowns of the |J;—J/;|—=1 selection rule since 
electrostatic interactions may occur between levels with different values of J; 
and J, provided that they have the same parity. Hence, the matrix components 
of the electric dipole moment need not vanish even if |/;—J;|A~1, provided 


that |i, —1;|=1 and/or |; —l|—1, since then {ytPyidr and/or [piPyidr 
need not vanish. Electrostatic interactions between s and d configurations in 
the inert gases thus induce s—f transitions. 


Series perturbations in argon I. The perturbations in the arc spectra of the 
inert gases have been studied by Epiin.' Starting from the Shenstone and 
Russell perturbation formula? he deduced that the interaction between all the 
levels of two series converging to different limits can be expressed in terms 
of one single parameter y. This can be shown in the following way. 

Denote by v! and »% the unperturbed level values of two series. By the 
interaction of one »? with one vg the values of these levels become and vz. 
Introducing the effective quantum numbers, nj + An; and nx % A nk, where, 
according to the perturbation formula, A nj = yx/(vi — vz) and Ang = vil (vE—v), 


1 B. Epiin, unpublished. 
2 A. G. Suenstone and H. N. Russert, Phys. Rev. 39, 415, 1932. 
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one obtains 


Av= (%,— v3) = — (ve — Ee) = 2 Ryz| (ni)? (rt — 4) = 2 R yi (ni)? (vi — ve) - 


\| 


Since, in the perturbation formula y; and y; are independent of y} and vz, respecti- 
vely, it follows that Av=2Ry/(ni)3 (ni)? (x? — ve) ,1 where y is common to all} 
pairs of interacting levels belonging to the series »; and »,. Hence, if a level! 
vy; is perturbed by the levels 1, then | 


> Ant= > dO 7 > Une)? (vf — v8), 
k k 


k 


and, similarly, 


Di Ant = Di ylO’—) = 7 DU (Hk —H)- 


The y values were computed by Edlén from the observed level values oi! 
interacting series, so that the corresponding calculated unperturbed series, ». 
and vz became as smooth Ritzian series as possible. Edlén found the largest 
perturbation between series having equal / values of the valence electron and 
only one case of appreciable perturbation between series with different / values 
was noticed in the argon spectrum, viz. the s3;—d, interaction. 


The influence of configuration interaction on the Stark effect of argon I 


The admixture of foreign eigenfunctions y; (energy: v;) in the eigenfunction — 
y; of a given level » has been calculated. But only one or two adjacent | 
v8 on each side of »; are included, since they give the largest terms in the 
expressions of the matrix components of the electric moment. The |az/a;|’s | 
are computed according to the equations (1) from »}, vg and yz which are | 
calculated from Edlén’s values of the perturbation constant y. The sign of | 
ay/a; 18 determined by the sign of Viz which cannot be settled from the y- | 
values as appears from equation (2) but would require a theoretical investiga- 
tion of the integral Viz, = | wi (e/r12) yedt including knowledge of the one- | 
electron eigenfunctions involved. Such an investigation has not been performed, | 
however, but the relative signs are chosen in the following way. The Viz’s of two | 
interacting series y; and v,% are taken with the same sign. Further, the relative | 
signs of the Viz’s of one pair of interacting series and the Vjz’s of a different | 
pair with opposite parity are chosen so that the best agreement between cal- — 
culated and observed Stark displacements is obtained. In the actual calcula- | 
tions the computed Stark displacement is very sensitive to the choice of re- | 
lative signs of the V;z’s in certain cases but often it is not. Thus the V;z’s _ 
of the py,—py, si—d,; and s{—d3 interactions are taken with the same sign 
and the Vix’s of all other interactions with the opposite sign. The calculated 
Stark displacement remains invariant on changing the signs of all V;z’s entering 
a given matrix component. 


* From equation (2) it appears that Vip = 2Ryl(nz) (nz). 
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With this choice of relative signs, which is, of course, not rigorous, the ob- 
served deviations from the Stark displacements calculated assuming unperturbed 
jl coupling can be explained, and not only the large deviations for certain 
levels but also the unexpectedly small deviations for levels which are related to, 
and close to, the former ones. 

Argon I levels with opposite parities and based on different parent levels 
fall in certain cases very close to each other and this fact might produce very 
large anomalous shifts if non-vanishing matrix components connect them. 

The observed Stark effect shift of (?P1j2)3s3 shows a large deviation from 
the one calculated assuming unperturbed j/ coupling but (?Pij2) 3 sy does not, 
and both facts are explained by the present calculations (Tables 14 and 15). In 
fact, 3s; contains parts of md, (y= 150), and the adjacent 4 p19, having an 
opposite series limit and parity, contains parts of mp, (y=560). Further 
4p, contains mp, (y= 40). The following approximate eigenfunctions are ob- 
tained: 


y (383) = 0.993 y° (353) + 0.044 y° (4dg) — 0.113 p® (5 dg) 
p (4 Pio) = 0.993 p° (4 P10) — 0.079 y° (3 p2) + 0.091 ° (4 pe) 
wy (497) = 1.000 y® (4 p7) + 0.020 p® (3 p,) — 0.029 w? (4 py) 


giving non-vanishing matrix components (3s3:P'4 p49) and (383:P:4,). Since 
3s, contains md,, also (3s3:P:!mX,) might be non-vanishing. The actual cal- 
culation shows, however, that the contribution to the displacement of 3s is 
very small, the largest contribution corresponding to the »additional» interaction 
with 4,,! 

mS, 18 contained in 3s. (y—65), mp, m 4p5(y= 610), mpg in 4 p(y = 20), 
mp, in 4p, and mp, in 449. Hence (38,:P'4;) (0 = 5, 6, 7 and 10) do 
not vanish, but the corresponding displacement is small (Tables 14 and 15). 

(?Ps2)3s, and 3s, are far away from (*P12)31,2,3,4 and the calculated 
shifts become very slightly modified when the configuration interactions are 
introduced. 

Although 4s, and 4s; are fairly close to 491,2,3,4, the Stark interactions 
between them are of secondary importance, the calculation being performed in 
detail only on 455. 

The electrostatic interaction between 4s, and the closely adjacent 5 s4(y=65) 
is very strong and hence their eigenfunctions are very intermingled: 


y (4 5) = 0.878 y° (4 82) + 0.021 p? (4 4) — 0.478 p” (5 sq) — 0.020 yp? (654). 


The »additional Stark interaction between 4s, and m7s5,6,7,8,10 (m= 5, 6) is 
of the same order of magnitude as the »normaly’ interaction. The calculated 
net displacements at 100 kV/cm, wz. +10.1 and +9.8 cm * do not deviate 
much from those observed by Rypx?, viz. +10.9 and 9.3 cm™. 


1 For convenience that part of the Stark displacement of a level which arises from per- 
turbing levels which are based on the same parent level is designated ynormal), and that 
which arises from levels based on the opposite parent level is designated »additional». 

2 N. Rype, Thesis Lund 1934 p. 71. 
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Table 14 
Calculated Stark displacements taking into account configuration interaction. 
F = 100 kV/cm. 
- : = = > 
| Av Av 
| 
| Contribution from | | | Contribution from 
Level || | levels based on | | Level || Z|) levels based on 
‘the same | the oppo- /Reeuitaney the same | the oppo- Realms 
parent | site pa- parent site pa- 
level | rent level | | | level rent level 
1 ] ] Lot 
ae 0 | +147 | So.6o8") 2 Tis | 4a" 9 | bogs || = oow eesolee 
i + 0.80 — 0.09 ae! 
Shope. le ll + 1.55 + 0.05 sel GOR} 0) + 0.85 —0.09 + 0.76 
0 11:46) |. -+10.14 | ok 1.60) 
450°) 93 “20-79 |, 0108 ale eieOree 
3 84 i slay 0 aie NSS zi 2 + 0.88 + 0.03 + 0.91 
+1.47 — 0.03 + 1.44 1 + 0.98 + 0.09 aye tbD)7/ 
i} 0 + 1.02 ar OD +1.09 
3 85 2 +1.44 0 + 1.44 | 
1 +1.54 — 0.02 + 1.52 || 587 2 +2.0 — 9.84 —7.8 
0) Sines — 0.02 a7 e615 1 Sele —4.0 = 8 
0 LG == ell OLD 
4 So 1 + 4.8 + 5.3 a LOM 
0 +4.6 + 5.2 si OAS ||| Gee” 2 SiOro + 0.8 +41 
| 1 +3.5 +0.5 + 4.0 
4s, 2 -+5.8 Sr Well ae a 0 + 3.5 +0.5 + 4.0 
1 + 6.3 + 0.5 ap) Ox 
0 +6.4 +0.7 fe clea S Sau 3 +2.9 + 2.8 +5.7 
2 + 3.1 +2.4 + 5.5 
siWo  @) +0.41 + 0.01 +-. 0.42 || 1 ROOTS +2.0 +5.3 
\ 0 +3.4 ee lhe) + 5.3 
3 pe 1 +0.39 | +0.15 + 0.54 | 
0 + 0.38 +0.91? = 1.29) || 
th . 
3 ‘ bilwnaaye “1 ml Largest Stark effect perturbation from 
ee Be aie ee ik ee 4 p19, viz. —2.74 em + at F=100 kV/cm. 
3 ps 2 | +0.36 | 420.110 + 0.46 ? Largest Stark effect perturbation from | 
1 + 0.42 = OLO% + 0.49 ||4 ds, viz. +0.78 em? at F=100 kV/cm. 
0) + 0.43 + 0.05 + 0.48 
4 8, l aba 43.93 Lys Q Largest Stark effect perturbation from | 
| 0 +15) soo, bee |4 pio, viz. +3.2cm+ at F=100 kV/cm. 
vr || 
4s) 2 +0.57 +0.80 + 1.37.) * Largest Stark effect perturbation from 
1 + 0.67 + 0.03 + 0.70 ||5 ps, viz. —11.4 em™* at F=100 kV/cm. 
Oj, =e@azAll == (7733 + 0.48 | 
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Ryope' has expressed the opinion that the displacements of the ms levels should 
be mainly caused by Stark interaction with (m + 1)f levels except in the case 
of 383 and 3s, which should be most strongly influenced by 4p and 4p. 
respectively. According to the present investigation, however, the s levels are 
almost exclusively influenced by p levels. There is a large 3$3—4 P49 Interac- 
tion but the Stark effect of 3s, corresponds essentially to an interaction with 
p levels having the same series limit as 3 sy. 

The additional displacements of the (*Pi)2) 3p levels essentially arise from 
(7P32) 4d levels, whereas 3s, and 3s; are of secondary importance. It should 
be noticed that the calculations explain not only the fact that the additional 
shift of one of the 3p, states is very large but also that that of 3p, is small, 
in spite of the fact that 3. and 34 are based on the same parent level, have 
equal J and J values and differ but slightly in energy. 

The additional effects on (?Pij2) 4d arise from (?P32) 4p and to a less ex- 
tent from (*P32)4f. The additional shifts of 4s/, 4s/’ and 4s{” come out 
fairly small which is in agreement with the observations. The additional dis- 
placement of 4s}, however, is very large. It should be noticed that only the 
admixture of md; (y == 2570) in 481 is calculated. The additional Stark inter- 
actions with the following levels were computed, wiz. 449 perturbed by mpy 
(y = 560), 495 by mp, (y=610), 49, by mp, (y=40), and 4. perturbed by 
mp3 (y=40), also 4.X1,2 which are not perceptibly perturbed. 4,9 produces 
the largest contribution to the shift of the M=1 state of 4s}, viz. 3.2 cm?. 

The (?Pi2) 5d levels are connected by non-vanishing matrix components with 
a large number of levels based on the ?P32 limit. The calculated net displace- 
ments do not agree quantitatively with those observed, but the main features 
of the observed patterns are given by the calculations. Thus, the additional 
effects on 5s; and 5s{” are fairly small but very large on 5s;. The si —ds 
interaction was calculated for y=4000 except for 5s{—6d3 where y = 5000 
was used. The following eigenfunction was obtained: 


w (5 81) = 0.835 p° (5.81) — 0.080 w° (4d5) — 0.175 w° (5d3) + 
+ 0.502 p° (6d3) + 0.118 p° (7ds). 


The calculations include the additional Stark interaction of 5s/ with the per- 
turbed levels mpe,7,s,10 and m Yo,3 (m=5, 6) and, moreover, with the imper- 
ceptibly perturbed mpg and m X1,2 (m=5, 6), the 5s —5 pg interaction being the 
largest one. The discrepancies between observed and calculated shifts are of course 
large but not serious considering the way in which the enormous 5 sy con- 
figuration interaction is treated, and the great number of Stark interacting 
levels. 

The displacements of the ("P3/2) 5d and 6d levels calculated assuming unper- 
turbed j1 coupling are in reasonable agreement with those observed.” Configura- 
tion interaction is not introduced in the calculations. Ryde concludes that the 
Stark interaction of 6d, with 5; is larger than with 6f, the fact being overlooked 
that the 6d,—5 5 interaction vanishes as a consequence of the selection rule for 
J. For the same reason there is no 5d,—4~p; interaction, which should be 


1 N. Rype, Kungl. Fysiogr. Sallsk. Handl. N. Dk Gils Nhe fy Wi, We koy 
2 Of. Ryde’s measurements on 6d, through 6 dy,. 
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Table 15 


Comparison between observed and calculated displacements. F=100 kV/cm. 
(Italics correspond to resolved components.) 


eee 


| Ay 3 83 3 so 88, | 385 | 484 4 85 3 py 3 pe 
| 
WObserviedi.. cs sacs —1.55|+1.50} 1.65 | 1.58 | 7.00 | 5.65 7.60 | 0.41 | 0.59 1.52 
| --——- A 
Calculated in unper- 
| turbed pair-coup- 
ie Oda o'er te peut ener +1.49/+1.51| 1.52 | 1.52 | 6.12 | 5.84 6.33 | 0.44 | 0.40 0.42 
| Caleulated taking 
into account con- 
figuration inter- 
ABCUOME apes et et —tiellos oelidet) || Weal ab i550) 5.9 7.0 0.42 | 0.64 1.29 
3p, | 3p3 3p5 | 3pi10 | 307 3p6 | 3ps | 3p 4 si 4s 
| 
0.46 | 0.51 0.60 0.35 0.43 0.52 0.42 0.43 | 1.92 4.65 | 0.75 
| 
0.41 0.40 0.66 0.42 0.40 0.44 0.40 O42 LSE LSS Oss 
0.50 0.48 1.5 4.3 ODS Eos, 
a el 
Agee ase | 4 dz 4ds Bay B sian nose 5 de 
(0.55) 0.97 (0.3) (0.3) L140) C2£300 —al2.99 W300i E3265 0.98 
0.81 OLOTT 0.55 0.31 +2.25 +241 +2.88 | +3.89| 4.46 1.64 
0.68 0.94 —0.5 —2.3 Wires |Past) 5.5 
renee Ie 
5 ds 5 ds 5 dy 5 dy 5d, 5 di, 6 dg 6 ds 6d, 
See ee eee Se ee eee eee eee 
1.55 3.25 7.05 8.90 4.90 3.25 — 1.40 — 4.30 +10.5 
TEE ee) 4.13 6.67 7.70 5.14 3.56 176-45 0.0 — 2908 be 
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observed in his discussion of the 5d, displacement. The discrepancy between 
the small negative shift observed for 6d, and the slight positive shift calculated 
does not seem serious since configuration interaction is neglected. Moreover, 
the small net shift calculated comes out as the difference between two bie 
constituent effects. 

The level 3175.53 cm+ was previously assigned 6d, and to explain qualitat- 
ively its Stark displacement, which was considered unexpectedly small, Ryde 
assumed the presence of Stark interactions with (*P32) 5s, having the same 
parity as 6d,. This breakdown of the parity selection rule should imply a 
Stark effect which is not of electric dipole character. Since the designation of the 
level has been changed by Edlén to 5s, it is no longer necessary to maintain 
that assumption. 


The Stark patterns calculated assuming unperturbed pair-coupling are fairly 
close, which explains why all components predicted by theory could be resolved 
only in a few cases. As appears from Table 15 the only levels with J >0 
where all states are resolved are 39, 451, and 5s;. From Tables 10, 11, and 
12, it is evident that the patterns even of these levels should be doe in un- 
perturbed pair-coupling, the observed complete splitting being, in fact, caused 
by Stark interactions — forbidden in unperturbed 7! (and 77) coupling — with 
adjacent levels based on the opposite limit. 
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Plate I. Stark effect spectrograms of argon (% 5). 


a. and b. F=138 kV/cm. 
ce. F=78 kV/cm. 
d. F=79 kV/cm. 


